and carotid PWV (from heart to carotid) were compared to study the relation of these two types of PWVs to diabetic complications in patients with type 2 diabetes mellitus. 
Introduction
Pulse wave velocity (PWV) has been used as a noninvasive clinical index of aortic stiffness. Increased PWVs are found in various diseases associated with atherosclerosis, including diabetes mellitus (1), hypertension (2) , dyslipidemia (3) , and severe renal disease (4) .
Aortic PWV (carotid to femoral PWV), calculated on the basis of the transmission time and distance between the carotid artery and femoral artery, is the most widely used type of PWV. Conventionally, PWV has been measured tonometrically. Although tonometry is noninvasive, it requires that the transducer be carefully adjusted to obtain an jects, suggesting that it reflects age-related changes in vascular stiffness (6) . To our knowledge, no study has compared the usefulness of baPWV with that of aortic PWV for the evaluation of diabetic complications. Because baPWV is derived from pulse waves at the upper arm and ankles, it may better reflect the characteristics of peripheral PWV than aortic PWV. Therefore, the clinical significance of baPWV may differ from that of aortic PWV.
In this study, we measured baPWV and carotid PWV in patients with type 2 diabetes mellitus to examine the relation of these two types of PWV to the duration of diabetes and the presence of diabetic complications.
Methods

Subjects and Clinical Characteristics
The protocol for this study was approved by the institutional review board of Kagoshima University. Informed consent was obtained from all patients before enrollment.
The study group comprised 90 patients with type 2 diabetes mellitus (43 men and 47 women; 22 to 84 years old) who were receiving treatment on an outpatient basis at Kagoshima University Hospital. Type 2 diabetes mellitus was diagnosed according to the criteria recommended by the American Diabetes Association (7). Twenty patients were receiving insulin therapy, 53 oral antidiabetic agents, and 17 diet therapy alone.
Blood Pressure and Laboratory Data
Blood pressures and ankle/brachial blood pressure index (ABI) were measured with the use of a Waveform Analyzer (BP-203RPE; Colin, Komaki, Japan). Hypertension was defined as the taking of antihypertensive agents, a systolic blood pressure (SBP) higher than 140 mmHg, or a diastolic blood pressure (DBP) higher than 90 mmHg (8). Among the 26 patients who were receiving antihypertensive agents, 8 received calcium channel blockers, 7 received angiotensin converting enzyme inhibitors, and 11 received both types of drugs. They did not take any medications, including antihypertensive or vasodilating drugs, on the morning of blood pressure and PWV measurements. There was no patient with arteriosclerosis obliterans (ASO) who showed an ABI of less than 0.9.
After an overnight fast, blood was withdrawn for analysis of serum concentrations of glucose, C-peptide, HbA1c, total cholesterol, triglycerides, and high density lipoprotein (HDL) cholesterol by standard laboratory methods. Low density lipoprotein (LDL) cholesterol was estimated by the Friedewald equation. Patients were considered dyslipidemic if they were taking antihyperlipidemic agents or if the serum LDL cholesterol concentration was higher than 130 mg/dl or the serum HDL cholesterol concentration was lower than 35 mg/dl (lower than 45 mg/dl in women) (9) .
Information on the duration of diabetes was obtained by a self-administered questionnaire. Patients were asked to state the age at which they had been diagnosed with diabetes mellitus at the hospital, or when they had been informed of glucose intolerance at a health check-up.
Diabetic Complications
Nephropathy was evaluated on the basis of the degree of albuminuria. Urinary albumin excretion was measured by radioimmunoassay of urine samples obtained by random spot collection. The value was corrected by the urinary creatinine excretion. Albuminuria was classified into three groups according to the diagnostic recommendations of the American Diabetes Association: no albuminuria was defined as a urinary albumin level of less than 30 mg/g creatinine; microalbuminuria as a urinary albumin level of 30 to 300 mg/g creatinine; and macroalbuminuria as a urinary albumin level of more than 300 mg/g creatinine (10) . After excluding 10 patients with distinct hematuria or suspected renal disease unrelated to diabetes and 3 with a serum creatinine concentration of more than 1.3 mg/dl, the remaining 77 patients were divided into 2 groups: 49 patients with no albuminuria (a urinary albumin level of less than 30 mg/g creatinine) and 28 with microalbuminuria (19 patients) or macroalbuminuria (9 patients).
Diabetic peripheral neuropathy was evaluated with the use of Semmes-Weinstein monofilaments. To detect early diabetic peripheral neuropathy, a 4-g monofilament was used as recommended by Nagai et al. (11) . Subjects were tested for their ability to sense the monofilament at three sites of the foot: the great toe, the plantar aspect of the first metatarsal, and the plantar aspect of the fifth metatarsal. The patients were divided into 2 groups: those able to feel the 4-g monofilament (normal group; 70 patients) and those unable to feel the 4-g monofilament (insensitive group; 20 patients).
The coefficient of variation of R-R intervals (CV R-R) on the electrocardiogram was measured to quantitatively assess autonomic nerve function. A total of 8 patients who were receiving digitalis or other drugs that affect sinus rhythm, who had atrial fibrillation or sick sinus syndrome, or who had frequent ventricular or supraventricular extrasystoles were excluded from analysis of CV R-R. In the remaining 82 patients, CV R-R was analyzed as described by Sasaki et al., with a value of 2% or less defined as decreased CV R-R (12). CV R-R was normal in 50 patients and decreased in 32.
Retinopathy was diagnosed by experienced ophthalmologists, who divided the patients into those with retinopathy (54 patients) and those without retinopathy (36 patients). Diabetic retinopathy was present in a simple form in 23 patients, in a preproliferative form in 16, and in a proliferative form in 15.
Measurement of PWV
The baPWV was measured as reported previously (6, 13) . The baPWV was automatically calculated with the use of a Colin Waveform Analyzer according to the following equation: baPWV (D1 D2)/T1, where D1 is the distance from the heart to the left ankle, and D2 is the distance from the heart to the right upper arm. These distances were calculated automatically on the basis of the subject's height. T1 is the time from the onset of the rise in the pulse volume record of the right upper arm to the onset of the rise in the pulse volume record of the left ankle.
In addition to the procedures described above, a tonometry transducer was placed over the left carotid artery, and carotid PWV (heart to carotid), derived from elastic vessels, was measured. Carotid PWV was calculated by dividing the distance from the suprasternal notch to the transducer on the left side of the neck by the time from the second heart sound of the phonocardiogram to the notch of the carotid pulse wave (5) .
The subjects were divided into tertile groups on the basis of the baPWV or carotid PWV, and the relations of baPWV and carotid PWV to diabetic complications were studied. The baPWVs in the three groups were as follows: 1) 1,550 cm/s or less, 2) greater than 1,550 cm/s but not more than 1,900 cm/s, and 3) greater than 1,900 cm/s. Carotid PWVs were classified as follows: 1) 750 cm/s or less, 2) greater than 750 cm/s but not more than 900 cm/s, and 3) greater than 900 cm/s.
Statistical Analysis
Data are expressed as the means SD. Group comparison of parametric and nonparametric data was done by Student's ttest and Mann-Whitney U test, respectively. Differences in frequency were tested by χ 2 analysis. Relations between continuous variables were analyzed by linear regression analysis. To adjust for the effects of age, blood pressure, and duration of diabetes, logistic regression analysis was used to examine the relations between PWVs and diabetic complications. Carotid PWV and baPWV classifications, age, SBP, and duration of diabetes were defined as independent variables, and the presence or absence of diabetic complications was defined as the dependent variable. All statistical analyses were done with StatView, version 5.0 (Windows). P values less than 0.05 were considered to indicate statistical significance.
Results
The clinical characteristics of the patients are shown in Table  1 . The frequency of hypertension was 48%, of dyslipidemia 54%, and of smoking 33%. Table 2 shows the comparison of baPWV, carotid PWV or mean blood pressure between patients with diabetic complications and those without diabetic complications. The baPWV and mean blood pressure in patients with diabetic complications were significantly higher than those in patients without complications. There was no significant difference in incidence of hypertension between patients with and without diabetic complications.
In contrast, carotid PWV did not differ significantly between patients with diabetic complications and those without complications.
The relations of baPWV and carotid PWV to age, blood pressure, and duration of diabetes are shown in Fig. 1 . There were significant positive correlations of baPWV with age (r 0.58, p 0.0001) and SBP (r 0.61, p 0.0001) (Fig.  1A, C) . Carotid PWV also positively correlated with age (r 0.53, p 0.0001) and SBP (r 0.39, p 0.0005) (Fig.  1B, D) . The duration of diabetes positively correlated with baPWV (r 0.35, p 0.001), but did not correlate with carotid PWV (Fig. 1E, F) . Table 3 shows the results of logistic regression analysis of the relations between baPWV and the frequency of diabetic complications after adjustment for the effects on baPWV of age, SBP, and duration of diabetes. The frequency of diabetic retinopathy and the odds ratio for this complication were significantly higher in the 1,900 cm/s group than in the ≤1,550 cm/s group. The frequencies of albuminuria, peripheral neuropathy, and decreased CV R-R were directly related to the baPWV, and the odds ratios for these complications increased significantly with increasing baPWVs. As shown in Fig. 2 , single regression analysis revealed a significant negative correlation between baPWV and CV R-R (r 0.48, p 0.0001). Table 4 shows the sensitivity, specificity, and accuracy for the detection of diabetic complications with the cut off values, baPWV 1,700 cm/s, which yielded the maximal accuracy for the detection of diabetic complications.
Fig. 1. Relation between age and baPWV (A: ) or carotid PWV (B: ) in patients with type 2 diabetes. Relation between SBP and baPWV (C: ) or carotid PWV (D: ). Relation between duration of diabetes and baPWV (E: ) or carotid PWV (F: ).
Logistic regression analysis showed no significant relation between carotid PWV and any diabetic complications. Serum concentrations of glucose, C-peptide, total cholesterol, triglycerides, HDL cholesterol, and HbA1c were unrelated to either carotid PWV or baPWV.
Discussion
We concurrently measured baPWV, derived principally from elastic and muscular vessels, and carotid PWV (heart to carotid), derived mainly from elastic vessels, and studied the relations of these variables to complications in diabetic patients. Elastic arteries are the largest artery type and have walls consisting chiefly of elastin; they include the aorta and the branches originating from its arch. Muscular arteries, such as the femoral and brachial artery, distribute blood to various parts of the body. The walls of these arteries consist chiefly of circularly disposed smooth muscle fibers which constrict the lumen of the vessel when they contract. Because baPWV was influenced by age, blood pressure, and duration of diabetes, we adjusted for these factors by logistic regression analysis. Our results showed that baPWV was associated with the risk of diabetic retinopathy, albuminuria, peripheral neuropathy, and decreased CV R-R at rest. In contrast, carotid PWV was unrelated to any diabetic complication.
Several studies have reported that PWV correlates with diabetic complications. Regarding nephropathy, Tanokuchi et al. reported that aortic PWV was related to serum creatinine level in patients with type 2 diabetes mellitus (14) . Regarding neuropathy, aortic PWV was reported to be correlated 0.010 baPWV, brachial-ankle pulse wave velocity; CV R-R, coefficient of variation of R-R intervals; OR, odds ratio; 95% CI, 95% confidence interval. CV R-R, coefficient of variation of R-R intervals.
with expiratory to inspiratory R-R interval ratios in patients with type 2 diabetes mellitus (15) . There has been no paper which has reported on the relation between retinopathy and PWV. We found that baPWV was significantly related to the presence or absence of diabetic complications. Comparable strong correlations of diabetic complications with other types of PWV, especially aortic PWV, have not been reported previously.
Our results indicate that the clinical significance of ba-PWV may differ from that of carotid PWV and aortic PWV, which principally reflect the properties of elastic vessels. This finding suggests that baPWV may be a useful index of atherosclerosis associated with higher degrees of microangiopathy. As compared with carotid PWV or aortic PWV, baPWV has four main characteristics: 1) Since baPWV is determined on the basis of pulse waves measured at the upper arm and the ankles, the effects of peripheral vessels are greater than in carotid or aortic PWV; 2) The distance of baPWV is about 1.5 times greater than that of carotidfemoral PWV; 3) Both muscular vessels and elastic vessels are included; and 4) baPWV is substantially affected by vasomotor reflex. These characteristics may explain why baPWV more strongly correlates with diabetic complications than does aortic PWV.
Aso et al. reported that vasomotor reflexes in the lower limbs were markedly impaired in diabetic patients (16) . They suggested that diabetic autonomic neuropathy might lead to impaired sympathetic vasomotor activity. Furthermore, Scarpello et al. reported that PWV predominantly affects the lower limb arteries rather than the upper limb vessels in diabetic patients (17) . Therefore, baPWV, which includes the lower limb arteries, may be more affected than carotid PWV in diabetic patients. The lack of a correlation between carotid PWV and diabetic complications might have been due to the distribution of angiopathy in patients with diabetes mellitus.
The UK Prospective Diabetes Study (UKPDS) showed that strict blood pressure control (144/82 mmHg) decreases the risk of macrovascular complications such as stroke as well as the risk of microvascular complications as compared with less strict blood pressure control (154/87 mmHg) in patients with type 2 diabetes (18). These results have recently increased awareness that strict control of blood pressure is necessary to prevent the progression of macroangiopathy and microangiopathy in diabetic patients. Our study showed that baPWV, similar to blood pressure, correlated with microvascular complications. Furthermore, we reported previously that age and blood pressure are major determinants of baPWV (6) . Therefore, assessment of baPWV may provide more useful information than measurement of blood pressure alone for the evaluation of microvascular complications.
Arteriosclerosis obliterans (ASO) is an important complication of diabetes mellitus. The patients with ASO show the increased PWV in the early stage of ASO. With the progression of ASO, a lower ankle blood pressure in the ASO patients may be responsible for the decreased PWV in the lower extremities (19) . The major limitation of our technique is that the pulse volume record and baPWV cannot be accurately determined in patients with severe atherosclerotic disease of the lower extremities.
The increased arterial rigidity can be improved by antihypertensive drugs, especially calcium antagonists and angiotensin converting enzyme inhibitors (20) . Wang et al. reported long-acting nitrates had potential value in improving large arterial distensibility in patients with essential hypertension (21) . Therefore, the long-term effect of vasodilating drugs on PWV could not be excluded in our study. However, in order to limit the short-term effect of antihypertensive drugs on blood pressure lowering and PWV, no medications were taken on the morning of PWV measurement.
Technically, baPWV can be simply measured by oscillometry on a routine basis, and we showed that increased baPWV and blood pressure correlated with microangiopathy in type 2 diabetic patients. Our results suggest that baPWV is useful for the assessment of patients with type 2 diabetes.
